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THE PUBLIC HEALTH TRAGEDY of mercury
contamination of Minimata Bay, Japan, in
the 1950s resulted in a global awareness of
the deleterious effects of this heavy metal
(Clark 1992). Since 1972, regulatory controls
have limited its use worldwide; however, the
past widespread utilization of this heavy met-
al as well as its natural accumulation may
affect the environment for generations to
come (Nriagu 1979, Gerlach 1981).
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ABSTRACT: In this study we determined the historical trend of both natural
and anthropogenic sources of mercury deposition as preserved in anoxic
estuarine sediments of the Ala Wai Canal, an estuary situated within a heavily
urbanized area of Honolulu. Analysis of sediments from the Ala Wai Canal
revealed that the total mercury content is highest at the Ala Wai Yacht Harbor
(0.054-2.810 p.gjg) and decreases exponentially toward the most distal portion
of the canal (0.009-0.237 j.lgjg). In contrast, the mercury content of soil and
stream samples taken from the central Honolulu watershed ranges from only
0.001 to 0.058 j.lgjg. This pattern suggests tidal transport of mercury into
the canal from the Ala Wai Yacht Harbor. A chronological analysis of core
samples shows a peak in mercury concentrations in the late 1950s, which corre-
sponds to the use of antifouling paints on boats in the harbor and is the
probable source of the majority of the mercury found in the Ala Wai Canal.
High mercury accumulation ends in the early 1970s in two of the cores investi-
gated, suggesting that antifouling paint-based accumulation ceased rapidly
after the U.S. Environmental Protection Agency (EPA) ban. An exception is
noted in a comparatively smaller peak coincident with 1986, the last year of a
3-yr intense fire-fountaining period of the ongoing Pu'u '0'6 eruption of nearby
Kilauea Volcano.
Much of the background mercury found in
the Hawaiian Islands is of volcanic origin and
is a result of magmatic degassing and rock
weathering, with soil cycling by degassing
and biogenic processes (Siegel and Siegel
1978a, 1987, Nriagu 1979, Holcomb 1987,
Clark 1992). The active volcano Kilauea,
located on the island of Hawai'i, has been
observed to increase its mercury output by as
much as 100-fold during eruptions (Eshleman
1973, Siegel and Siegel 1978a,b). An increase
of air mercury levels can occur during full-
scale volcanic eruptions both locally and
at considerable distances from the volcanic
site (Siegel and Siegel 1978b, Nriagu 1979).
Anthropogenic introduction of mercury in
Hawai'i may have resulted from a number
of sources, including agricultural pesticides,
antifouling paints, mercury fulminate in per-
cussion caps, mercurous chloride in fireworks,
and both the legal and illegal dumping of
laboratory equipment as well as batteries
(Nriagu 1979, Clark 1992).
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FIGURE I. Sample sites of the Ala Wai Canal and greater Honolulu watershed.
This study represented a unique opportu-
nity to determine the historical distribution
of mercury deposition as preserved in anoxic
estuarine sediments of the Ala Wai Canal.
The canal, a long, narrow estuary located
within a heavily urbanized area of Honolulu,
was constructed from 1921 to 1929 to drain
swamplands near the resort area of Waikikl
(Figure 1). Since its completion, portions
of the canal have remained relatively undis-
turbed by dredging, and bioturbation is mini-
mal to nonexistent because of the anoxic
conditions within the sediments and over-
lying waters.
Three cores were taken from the canal,
the longest of which probably represents a
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relatively complete history of sedimentation
dating back to canal construction. The canal
not only lies within a densely populated ur-
ban area but is in relatively close proximity to
two active volcanoes on the island of Hawai'i,
KIlauea and Mauna Loa, some 200 km to the
southeast. This unique geographic feature
should reveal contamination of the environ-
ment by both natural as well as anthropo-
genic sources of mercury. Although the cur-
rent population of O'ahu (ca. 800,000) is
relatively small in comparison with other
metropolitan areas of the United States, it
does exhibit similar patterns of mercury con-
sumption and concomitant pollution of the
environment. In this study, we determined
the quantity of mercury contained in the Ala
Wai Canal sediments and in soil and stream
samples taken from the surrounding water-
shed; stratigraphic distributions and compar-
ative concentrations of this metal were used
to determine its source.
MATERIALS AND METHODS
Five sediment core samples were recovered
in 1991: three from the canal and two from
the Ala Wai Yacht Harbor basin (Figure 1).
These cores were obtained as part of a
research program conducted by various re-
searchers of the University of Hawai'i at
Manoa (Fryer 1995). The cores were ob-
tained by pushing ca. 6.1 m of 8.9-cm-
diameter plastic core-liners into the shallow
sediment of the canal from a small boat.
Coring disturbance was minimized by keep-
ing the removed cores vertical at all times.
These cores were then coded as Miller-3
or M3 (length = 90 cm), Miller-21 or M21
(length = 163 cm), Gonzalez-8 or G8
(length = 200 cm), Basin-lor Bl (length =
62 cm), and Basin-3 or B3 (length = 67 cm).
The M3, M21, and G8 cores were sectioned
into 2-cm segments; subsamples for mercury
were then placed in plastic bags, stored at
4°C, and analyzed on a wet basis. The Bl and
B3 core samples were freeze-dried and stored
at ambient room temperature. Stream sedi-
ment and soil samples were taken for mer-
cury determination within the watershed area
(Figure I). The stream sediment samples
were analyzed on a wet basis after wet size
sieving. The soil samples were stored in plas-
tic self-sealing bags at ambient room temper-
ature and, to avoid any potential loss of
mercury, were not air-dried to remove mois-
ture before analysis.
The wet, moist, and freeze-dried samples
were analyzed for their mercury content us-
ing a flameless atomic absorption spectro-
photometer (Perkin-Elmer model no. 50B),
with a sensitivity of 0.005 j1.g, following stan-
dard HN0 3-HzOz digestion (Pickard and
Martin 1960, Siegel et al. 1980). A standard
curve using HgClz (J. T. Baker Chemical Co.,
analytical grade mercury; 1000 j1.gjg; lot no.
138179) was used to calibrate the instrument
at the initiation of and during analyses of the
samples. Data are presented as averages of
duplicate determinations, except for the ca-
nal cores, which are averages of four determi-
nations (two adjacent 2-cm samples). Fallout
137CS dating techniques were utilized to de-
termine the sedimentation rates of the M3,
M21, and G8 cores (McMurtry et al. 1995).
RESULTS
The M3 core was taken from a section of
the Ala Wai Canal that lies between the Ala
Wai Yacht Harbor and the entrance of
Makiki Stream (Figure I). The total mercury
of this sample ranges from 0.100 to 1.076
j1.gjg (Table I). The M3 core was the shortest
of the three canal cores (total length =
90 cm). Fallout 137CS dating yielded an
average sedimentation rate of ca. 2.5 cmjyr
for M3. Apart from the Ala Wai Yacht
Harbor cores, this core exhibits the highest
concentration of total mercury. The M3 core
mercury distribution shows relatively low
and consistent concentrations from 1991
until about 1972 (Figure 2). The total mer-
cury for this time period ranges from 0.100 to
0.247 j1.gjg. This stable period is preceded by
sharp increases in total mercury exhibiting
two peaks in about 1966 (0.567 j1.gjg) and in
about 1959 (1.076 j1.gjg). The 1959 peak is
preceded by a decrease in total mercury to a
low of 0.188 j1.gjg, in about 1957, before
TABLE 1
MERCURY ACCUMULATION RATE, DETRITUS FRACTION-NORMALIZED, AND TOTAL MERCURY CoNTENTS OF
ALA WAI CANAL SEDIMENT CORES M3, M21, and 08
coREM3 CORE M21 CORE 08
DEPTH
(em) ACMa DFb Hgc ACM DF Hg ACM DF Hg
0-4 0.249 0.120 0.105 0.099 0.077 0.065 0.010 0.107 0.089
4-8 0.134 0.118 0.100 0.088 0.065 0.054 0.105 0.094 0.077
8-12 0.185 0.146 0.116 0.031 0.071 0.061 0.060 0.078 0.065
12-16 0.262 0.150 0.121 0.029 0.061 0.054 0.087 0.102 0.084
16-20 0.292 0.126 0.109 0.227 0.088 0.077 0.097 0.109 0.088
20-24 0.246 0.161 0.129 0.200 0.076 0.067 0.119 0.170 0.136
24-28 0.273 0.128 0.111 0.242 0.104 0.090 0.087 0.136 0.101
28-32 0.266 0.147 0.128 0.204 0.080 0.069 0.047 0.101 0.063
32-36 0.173 0.122 0.110 0.224 0.084 0.072 0.053 0.108 0.084
36-40 0.345 0.198 0.177 0.309 0.102 0.084 0.057 0.120 0.089
40-44 0.294 0.219 0.184 0.325 0.107 0.088 0.059 0.107 0.088
44-48 0.259 0.294 0.247 0.353 0.113 0.093 0.061 0.116 0.072
48-52 0.536 0.565 0.487 0.284 0.096 0.083 0.084 0.138 0.097
52-56 0.635 0.672 0.561 0.254 0.098 0.084 0.091 0.125 0.105
56-60 0.642 0.664 0.553 0.240 0.106 0.089 0.067 0.123 0.108
60-64 0.715 0.603 0.487 0.169 0.093 0.079 0.076 0.139 0.120
64-68 0.503 0.481 0.412 0.156 0.088 0.075 0.091 0.166 0.145
68-72 0.717 0.646 0.507 0.172 0.094 0.081 0.095 0.166 0.146
72-76 1.501 1.647 1.070 0.234 0.145 0.125 0.075 0.158 0.137
76-80 1.085 1.067 0.775 0.217 0.112 0.100 0.109 0.169 0.148
80-84 0.636 0.545 0.443 0.167 0.083 0.073 0.122 0.201 0.178
84-88 0.176 0.207 0.188 0.242 0.109 0.096 0.122 0.164 0.145
88-92 0.773 0.787 0.670 0.234 0.106 0.094 0.165 0.229 0.197
92-96 0.208 0.094 0.083 0.157 0.244. 0.209
96-100 0.208 0.092 0.080 0.155 0.202 0.179
100-104 0.176 0.079 0.069 0.168 0.213 0.185
104-108 0.179 0.082 0.071 0.223 0.278 0.237
108-112 0.203 0.094 0.086 0.209 0.281 0.230
112-116 0.188 0.084 0.078 0.123 0.170 0.136
116-120 0.227 0.094 0.089 0.126 0.164 0.130
120-124 0.122 0.062 0.057 0.066 0.082 0.067
124-128 0.198 0.098 0.082 0.059 0.100 0.071
128-132 0.177 0.092 0.081 0.056 0.084 0.065
132-136 0.146 0.089 0.065 0.050 0.057 0.047
136-140 0.164 0.103 0.059 0.050 0.053 0.044
140-144 0.098 0.048 0.039 0.055 0.047 0.042
144-148 0.134 0.069 0.062 0.045 0.048 0.042
148-152 0.234 0.141 0.127 0.041 0.048 0.Q38
152-156 0.206 0.109 0.098 0.048 0.050 0.045
156-160 0.203 0.116 0.105 0.042 0.045 0.040
160-164 0.157 0.079 0.073 0.026 0.049 0.025
164-168 0.022 0.038 0.014
168-172 0.025 0.039 0.015
172-176 0.016 0.035 0.013
176-180 0.027 0.046 0.017
180-184 0.020 0.041 0.Ql5
184-188 0.017 0.030 0.009
188-192 0.011 0.021 0.009
192-196 0.022 0.037 0.017
196-200 0.037 0.046 0.021
•ACM, Mercury accumulation rate (ltg/em' mol calculated using sedimentation rate and dry bulk density data from McMurtry
et al. (1995).
'OF, Detritus fraction-normalized Hg (ltg/g) calculated using data from McMurtry et al. (1995).
cBulk Hg (ltg/g).
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FIGURE 2. Accumulation rate, detritus fraction-normalized, and total mercury contents of Ala Wai Canal
sediment cores M3, M21, and G8. The dating of the G8 core from 1957 to 1927 must be interpreted with care
because an extrapolation of the average sedimentation rate was performed from 116 to 200 cm; therefore, dates
preceding 1958 are only an approximation.
516 PACIFIC SCIENCE, Volume 49, October 1995
TA8LE2
TOTAL MERCURY CONTENT OF ALA WAI YACHT
HARBOR SEDIMENT CORPS 81 AND 83 (ltg/g)
0.237 J1.g/g (Table 1, Figure 2). The mercury
content in the G8 core samples increases
steadily from the construction of the canal in
1927 and starts to rise around 1939. The
highest mercury peak was deposited in about
1958 and was followed by four smaller peaks
in 1959 (0.209 J1.g/g), 1962 (0.178 J1.g/g), 1964
(0.146 J1.g/g), and 1986 (0.136 J1.g/g). The total
mercury of the core remains relatively stable
after around 1978 but is still approximately
two to three times greater than the mercury
content noted in earlier sediments (1927-
1951) (Figure 2).
The mercury accumulation rate for the G8
core exhibits a distribution pattern that is
similar to the total mercury distribution (Fig-
ure 2). Mercury accumulation rates range
from 0.010 to 0.223 (J1.g/cm2 mo) (Table 1).
The largest peak noted for the accumulation
rate was in 1959 (0.223 J1.g/cm2 mo). A
smaller peak occurred in 1986 (0.119 J1.g/cm2
mo) following a decreasing trend from the
high mercury accumulation rate noted in
1959. The detrital fraction-normalized con-
centrations exhibit a distribution pattern that
is generally similar to the total mercury
concentrations, ranging from 0.048 to 0.145
(J1.g/g) (Table 1, Figure 2).
which the total mercury again rises in 1957
(0.670 J1.g/g). The core was unfortunately
truncated at that point; therefore, it is not
known if the mercury again peaks at the
previous high level or levels off to preindus-
trial mercury levels as noted in other, deeper
core samples (see following).
The mercury accumulation rate and de-
trital fraction-normalized mercury for the
M3 core exhibit a distribution pattern similar
to that of the total mercury (Figure 2).
Mercury accumulation rates range from
0.134 to 1.501 (J1.g/cm2 mo), whereas the
detrital fraction-normalized concentrations
range from 0.118 to 1.647 (J1.g/g) (Table 1).
The M21 core was taken from a section of
the Ala Wai Canal that lies between the
Manoa-Palolo Stream and the head of the
canal (Figure I). This core sample (total
length = 162 cm) was determined by 137CS
dating to have an average sedimentation rate
of ca. 4.5 cm/yr. The M21 core exhibits
several major sedimentation rate changes,
with the more recent and older portions of
the sediment accumulating more rapidly than
the middle section of the core (McMurtry et
al. 1995). The total mercury content of the
core ranges from 0.039 to 0.127 J1.g/g (Table
1). Two peaks are shown in the data: one
around 1979 (0.125 J1.g/g) and one at around
1962 (0.127 J1.g/g) (Figure 2).
The mercury accumulation rate for the
M21 core exhibits a distribution pattern that
is dissimilar to the total mercury concentra-
tions (Figure 2). Mercury accumulation rates
range from 0.029 to 0.353 (J1.g/cm2 mo)
(Table 1). The largest peak noted for the
accumulation rate corresponds to 1986 (0.353
J1.g/cm2 mo). The detrital fraction-normal-
ized concentrations exhibit a distribution
pattern similar to that of the total mercury,
ranging from 0.048 to 0.145 (J1.g/g).
The G8 core was from a section of the Ala
Wai Canal that lies closest to the head of the
canal (Figure 1). This core was 200 cm long
and was determined by 137CS dating to have
an average sedimentation rate of ca. 2.5
cm/yr. The G8 core represents the most com-
plete stratigraphic mercury profile of the Ala
Wai Canal in this study. The total mercury
content of the core ranges from 0.009 to
CORE
81
83
DEPTH
(em) < 63 1tm > 63 1tm
0-3 0.507 0.347
6-11 0.571 0.302
16-21 0.284 0.236
26-31 0.258 0.195
36-41 0.283 0.232
41-46 0.223
46-53 0.275 0.241
0-2 0.987 1.370
4-6 1.371 1.159
8-10 1.243 1.441
15-20 1.664 1.600
25-30 1.992 1.898
35-40 2.813 2.740
40-45 2.810
45-50 1.551 1.346
50-55 0.145 0.242
55-60 0.166 0.054
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TOTAL MERCURY IN 80".s OF THE GREATER HONOLULU WATERSHED (llg/g)
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SAMPLE SITEa
DEPTH
(em) 5 6 7 9 10 13 14 15 16 17 18 19 20 21
0-10 0.001 0.033 0.004 0.005 0.001 0.006 0.001 0.Ql8 0.030 0.015 0.032 0.058 0.Q38 0.023
10-20 0.002 0.Ql5 0.018 0.014 0.044 0.006 0.005 0.019 0.Q25 0.024 0.020 0.023 0.027 0.037
20-30 0.035 0.016 0.008 0.004 0.001 0.010 0.008 0.019 0.020 0.002 0.005 0.031 0.026 0.035
30-40 0.018 0.018 0.005 0.017 0.001 0.010 0.006 0.021 0.010 0.043 0.019 0.023 0.013 0.025
40-50 0.031 0.022 0.046 0.014 0.004 0.010 0.013 0.Ql7 0.011 0.044 0.021 0.018 0.016 0.041
50-60 0.005 0.022
60-70 0.007
70-80 0.026
80-90 0.022
90-100 0.004
•See Figure I.
The Bland B3 cores were taken from the
Ala Wai Yacht Harbor (Figure 1). The total
mercury content for these cores ranges from
0.054 to 2.810 jlg/g (Table 2). 137CS dating of
these cores was not attempted because of
extensive dredging within the harbor. There-
fore, the total mercury values found in these
cores represent the presence of mercury in the
Ala Wai Yacht Harbor and not its deposi-
tional history.
To determine potential sources for the
mercury observed in the Ala Wai Canal core
samples, 14 soil profiles and seven stream
samples were taken from the surrounding
watershed (Figure 1). The total mercury con-
tent of the soil sites ranges from 0.001 to
0.058 jlg/g (Table 3, Figure 3a). The total
mercury content of the stream sites ranges
from 0.003 to 0.022 jlg/g (Table 4, Figure
3b). The mercury concentrations of the stream
sediments are comparable with those found
in the soil profiles, indicating that soil erosion
has contributed to the total mercury content
found in stream sediments. There is generally
more mercury in the fine fraction ( < 45 jlm)
than in the coarser fraction (45-1000 jlm) of
the stream sediments (Table 4, Figure 3b),
suggesting surface adsorption of mercury.
The soil samples taken from the watershed
generally consist of brown, organic-rich soils
with color changes noted at deeper levels that
sometimes correlate with marked changes
in mercury content (Figures 4 and 5). The
stream samples consist of mostly gray-brown
sandy gravel with clay and silt. The canal
cores range from dusky yellowish brown to
grayish black mud with either intercalated
gray-white sediment at depths greater than
135 cm (M21) or gray carbonate-rich mud at
depths greater than 162 cm (G8). The basin
cores are similar in composition to the canal
sediments. For more complete soil and stream
sample descriptions of the Manoa-Palolo-
Makiki Valleys watershed and Ala Wai Ca-
nal sediments, see McMurtry et al. (1995)
and Glenn et al. (1995).
DISCUSSION
Mercury can be introduced into the en-
vironment through natural as well as anthro-
pogenic deposition. A potential natural source
of mercury found in the Ala Wai Canal
core samples was evaluated by comparing
the mercury distribution noted in the strati-
graphic data with known volcanic eruptions
of Mauna Loa and Kilauea. A graphic repre-
sentation of the frequency of these eruptions
from 1924 to 1991 is presented in Figure 6.
As can be readily noted in the eruptive his-
tory, a relatively quiescent period existed be-
tween 1924 and 1952, in which eruptions
occurred rather infrequently and consisted of
noncontinuous activity. During that period
there were seven brief eruptions of Kilauea
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watershed and in (c) Ala Wai Canal sediments.
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TABLE 4
TOTAL MERCURY IN STREAM SI;DIMENTS OF THE GREATER HONOLULU WATERSHED (llg/g)
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SAMPLI; SITE"
PARTICLI;
SIZI; 2 3 4 8 11 12
<45 11m 0.004 0.013 0.016 0.020 0.022 0.020 0.020
45-1,000 11m 0.013 0.008 0.012 0.022 0.010 0.009 0.003
a See Figure I.
(Halema'uma'u Crater) from 1924 to 1933,
after which it did not erupt for the next 18 yr
(Holcomb 1987). Mauna Loa erupted stead-
ily once every 4 yr from 1832 to 1950; from
1950 to 1974 it exhibited a noneruptive quies-
cent period (Lockwood et al. 1987).
The total mercury peaks that were detected
in the core samples do not in general corre-
spond to the eruptive phases of the volcanoes
(Figure 2). The total mercury content in the
Ala Wai Canal G8 core starts to increase in
about 1939 and peaks in 1959; however, both
volcanoes were relatively quiet during that
period, which limits volcanic atmospheric de-
position of mercury in the Ala Wai Canal
and its watershed. When the Kilauea major
eruptions (Kilauea Iki, Mauna Ulu, and Pu'u
'0'6) were compared with the canal core data
there was no obvious relationship between
eruption frequency and deposition of mer-
cury. For example, with the possible excep-
tion of the 1986 mercury accumulation peak
in these three cores, the continuous eruption
of Pu'u '0'6 from 1983 to 1991 does not
appear to add substantially to the observed
total mercury content of the core samples.
The data do exhibit many smaller mercury
peaks, especially in G8 and M21; however,
with the possible exception of the 1986 peak
in mercury accumulation, there is no obvious
correlation with periods of intense volcanic
activity.
The location of the Ala Wai Canal within
a heavily urbanized portion of Honolulu
suggests that much of the mercury concentra-
tions found there, or in its watershed, could
be anthropogenic in origin. Four possible
anthropogenic sources for the total mercury
found in the sediments are antifouling paints,
illegal dumping (including batteries), agricul-
tural fungicides, and mercury in percussion
caps and fireworks.
Antifouling paints are used on marine
craft to prevent the growth of marine organ-
isms. The biotoxic characteristics of anti-
fouling paints on the marine environment
prompted the U.S. Environmental Protection
Agency (EPA) to suspend the registration
of 43 mercury-containing antifouling paints
in 1972. Records pertaining to use of this
paint in Hawai'i are difficult to obtain, but it
can be postulated that the organomercurials
found in antifouling paints, most noticeably
during and after World War II, have contrib-
uted to the mercury increase noted in the Ala
Wai Canal sediments. D'Itri (1972) and D'Itri
and D'Itri (1977) noted that after 1940, the
U.S. Navy had the hulls of its ships painted
with organomercuric antifouling paints (for-
mula number 142: a mixture of synthetic
resins, salts of mercury, lead, and arsenic).
Antifouling paint could have been available
from the large stores at Pearl Harbor to
nonmilitary sea vessels at approximately the
same period. Nriagu (1979) presented infor-
mation on the total quantity of mercury used
in antifouling paints as annual consump-
tion (in 76-1b [34.5-kg] flasks, a commercial
measurement) for the United States. The
total consumption of mercury for antifouling
paints was 1661 flasks in 1945, peaked to
3133 flasks in 1950, and then fell offdramati-
cally to 724 flasks in 1955. For each canal
core, the total mercury drops and remains
fairly constant from the early 1970s to the
1991 collection date, with most peak activity
occurring in the 1950s. These data, when
viewed in conjunction with the D'Itri data
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FIGURE 4. Depth profiles of mercury in soils of the greater Honolulu watershed. Arrows indicate color changes
in soil horizons.
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FIGURE 6. Recent eruptive histories of Mauna Loa and Kilauea Volcanoes (after Holcomb 1987).
and Nriagu statistics on mercury-containing
antifouling paints, must be interpreted with
care. The Nriagu data represent total annual
consumption of mercury-containing antifoul-
ing paints for the entire United States and
may not reflect the distribution or utilization
patterns that occurred in Hawai'i.
Mercury from organomercury compounds
in antifouling paints diffuses into seawater
continuously and could have become ad-
sorbed onto the sediments in the Ala Wai
Yacht Harbor. Degraded paint particles and
dissolved mercury could also have been
carried with the tides and deposited upstream
in the sediments of the Ala Wai Canal.
Eshleman (1973) noted that the mercury
content of samples taken from surface sedi-
ments (0-5 cm) obtained from the Ala Wai
Canal (midchannel) was highest at the Ala
Wai Yacht Harbor (0.210-1.3 J1.g/g) and
lowest at the head of the Ala Wai Canal
(0.110-0.120 J1.g/g). Eshleman postulated that
antifouling paints may present a continuous
source of mercury in the harbor. Luoma
(1974) sampled the top 5 mm of sediment
taken from the landward end of the Ala Wai
Canal and found that the mercury content
ranged from 0.344 to 2.086 J1.g/g in 1973. This
sediment contained much higher values than
those of the nearby G8 core for that period.
The relative mercury accumulation pat-
tern in the three cores analyzed in this study
supports a tidal transport from the Ala Wai
Yacht Harbor. When the mercury accumula-
tion rates for M3, M2l, and G8 cores are
plotted against distance from the Ala Wai
Yacht Harbor, there is a roughly exponential
decrease in the mercury accumulation rate
from the harbor toward the head of the
canal (Figure 7). Sediment samples taken
from the Ala Wai Yacht Harbor exhibited a
total mercury content range of 0.054-2.813
J1.g/g, whereas samples taken from the most
distal core (G8) ranged from 0.009 to 0.237
J1.g/g. Because the samples from the Ala Wai
Yacht Harbor were freeze-dried, and because
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FIGURE 7. Profiles of selected mercury accumulation rates for the Ala Wai Canal and the Ala Wai Yacht Harbor
at selected dates. *Denotes mercury accumulation rates for the Ala Wai Yacht Harbor calculated for 1991 and 1959
based on the assumption that the sedimentation rate and the dry-bulk densities for the B3 core are similar to those
for the M3 core (the most proximal core). The B3 core displays the least disturbed and most complete stratigraphic
profile of the two cores taken from the harbor (E. De Carlo, pers. comm., 1993). Two mercury accumulation rates
for 1991 and 1959 were calculated from the lowest and highest total mercury concentrations from the fine and coarse
fractions of the B3 core at the surface (ca. 1991) and at a depth immediately above a stratigraphic change from
gray-black to gray carbonate-rich mud (ca. 1959). The mercury accumulation rates for the Ala Wai Yacht Harbor
samples must be interpreted with caution because these cores were not dated by 137CS and are meant only to illustrate
the possible tidal transport of mercury in the canal.
the vapor pressure of mercury is high (1.2 x
10-3 mm at 20°C), the mercury quantities
may actually reflect lower values resulting
from the process of volatilization.
By the early 1960s, tributyltin (TBT) as
well as copper-based antifouling paints were
beginning to replace mercury as the biocide
of choice for prevention of damage to boats
caused by marine organisms. The substitu-
tion of TBT and copper for mercury in anti-
fouling paints could very well explain why
mercury deposition dropped off in all Ala
Wai Canal core samples by the 1960s and
1970s. The total mercury content in all of the
relatively recent Ala Wai Canal samples has
remained high when compared with values
from when the canal was first constructed.
This observation could be attributed to resid-
ual sources of mercury in the Ala Wai Yacht
Harbor or from other natural or anthropo-
genic sources.
An agricultural contribution to the total
mercury content in the Ala Wai Canal sedi-
ments must also be considered. The fungicide
phenylmercuric acetate (PMA) was used to
treat sugarcane seed pieces before they were
planted in the ground to prevent fungal
infection. Agricultural production through-
out Hawai'i consisted of either small truck
crops or sugarcane (Magistad and Frazier
1938). PMA could have leached from the
soil into the streams and ultimately been
deposited into the canal. Soil and stream
samples taken from Manoa, Makiki, and
Palolo Valleys suggest that the past and
present impact of a widespread agricultural
component contributing to the mercury levels
found in the canal is quite minimal (Figure
524
3). However, these data do not preclude past
agricultural contamination, because most of
the soil sites are not within agricultural areas
and the stream sediments likely reflect only
recent deposition. The relatively low mercury
levels present in the soil and stream sedi-
ments may result from inputs by continued
agricultural, rock weathering, and volcanic
and distal atmospheric deposition (e.g., from
North America or Asia or both, depending
on the altitude of transport) minus some
component lost from direct degassing and
biological cycling (Siegel and Siegel 1987).
Nevertheless, watershed soil mercury
sources to the canal are minimal because the
lowest quantity of mercury noted in the Ala
Wai Yacht Harbor (0.054 Jlg/g) was quite
close to or exceeded the maximum levels
found in the soil (0.058 Jlg/g) and stream
samples (0.022 Jlg/g) (Tables 2-4). The total
quantity of mercury in the soils, stream, and
Ala Wai sediment core samples was deter-
mined on a wet basis, except the Ala Wai
Yacht Harbor samples, which were freeze-
dried. Therefore, the amount of mercury
found in the soils, stream, and the Ala Wai
Canal samples probably underestimates the
dry-weight mercury content of these samples,
which is possibly a factor of two or three
higher than the reported values. However,
the relative concentration trends between the
Ala Wai Yacht Harbor, canal, and Honolulu
watershed stream sediments and soils are
probably underestimated in the directions we
have indicated.
The use of mercury fulminate in percus-
sion caps of explosives and ammunition and
mercurous cWoride (calomel) in fireworks
(Watkins et al. 1968) may also account for
some of the mercury in the canal. The mer-
cury content in the G8 core began to rise near
1941, which could possibly be correlated with
the bombing of Pearl Harbor (Figure 2).
Honolulu has extensive home fireworks dis-
plays as part of its cultural expression. These
sources could contribute additional, albeit
minimal, amounts of mercury to the canal,
given the present and past soil concentrations
as noted in their depth distributions (Table 3,
Figures 4 and 5).
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Illegal or unintentional dumping of mer-
cury into the Ala Wai Canal could account
for some of the mercury found in the canal.
Research and clinical laboratories use metal-
lic, inorganic, and organic mercury com-
pounds and are located upstream from the
Ala Wai Canal (e.g., the University of Hawai'i
near the Manoa Stream [Figure 1: sample site
3] and the Hawai'i Sugar Planters' Associa-
tion Research Station (1896 to 1975) near
the Makiki Stream (Figure 1). However, if
dumping of mercury from these sources had
occurred, it would likely have been deposited
into the sanitary sewer system that vents
subsea at the Sand Island Outfall, ca. 6 km
west of the canal. Mercury contamination
from these sources could have occurred if
storms caused the sewers to overflow into the
streams-a remote possibility. Other poten-
tial anthropogenic sources of mercury in
the canal sediments are airborne and water-
borne emissions from landfills, incineration
of municipal solid waste, municipal sewage
sludge, and fossil fuel power plants. How-
ever, O'ahu's landfills, incinerators, and pow-
er plant have been designed to take advan-
tage of Hawai'i's prevailing trade wind
patterns to minimize the impact on both the
environment and heavily urbanized popula-
tion centers.
CONCLUSIONS
Accumulation rate, detrital fraction-nor-
malized, and total mercury analyses of sedi-
ment cores collected from the Ala Wai Canal
and the Ala Wai Yacht Harbor suggest that
mercury from the harbor has been transported
by tides to the most distal portions of the
canal. Of a variety of potential sources con-
sidered, it appears that mercury-containing
antifouling paints are the probable source of
the majority of mercury found in the canal
sediment. Mercury concentrations of water-
shed soils and stream sediments suggest rela-
tively minor widespread contamination from
volcanic, agricultural, or industrial sources.
A small peak in mercury accumulation was
noted in each core in 1986, which coincides
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with the last year of a 3-yr intense fire-
fountaining period of the ongoing Pu'u '0'6
eruption of Kilauea Volcano.
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